In this study, the kinetic patterns of woodchuck hepatitis virus (WHV) infection were monitored in the liver and the five primary components of the lymphoid system (peripheral blood lymphocytes, lymph nodes, bone marrow, spleen, and thymus). Groups of woodchucks experimentally infected with a standardized inoculum of WHV were sacrificed at different times over a 65-week period beginning in the preacute phase of viral infection and continuing to the period of serologic recovery or the establishment of chronic infections and subsequent hepatocellular carcinoma. Infection by WHV was not limited to the liver but involved the major components of the lymphoid system during all stages of virus infection. A complex series of kinetic patterns was observed for the appearance of WHV DNA in the different lymphoid compartments and the liver during the entire course of viral infection. A progressive evolution of different WHV genomic forms related to the replicative state of WHV was also observed. Lymphoid cells of the bone marrow were the first cells in which WHV DNA was detected, followed in order by the liver, the spleen, peripheral blood lymphocytes, lymph nodes, and finally the thymus. Several differences were observed in the cellular WHV DNA patterns between woodchucks that developed chronic WHV infections and those that serologically recovered from acute WHV infections. The observations compiled in this study indicate that the host lymphoid system is intimately involved in the natural history of hepadnavirus infections from the earliest stages of virus entry.
During the past several years, the tissue tropism of the hepatitis B virus (HBV) and other members of the family Hepadnaviridae, the woodchuck hepatitis virus (WHV) and the duck hepatitis virus (DHBV), has been extended to several tissues other than the liver (5, 8, 10, 13, 16, 29, 38 ; for a review, see reference 19). The presence of viral-specific RNA transcripts and viral DNA replication intermediates in a number of extrahepatic tissues has demonstrated that the hepadnavirus genomes present in some extrahepatic tissues represent active viral infections (14, 17, 19, 21, 22, 24, 38, 39) . Recently, reactivation of quiescent WHV infections and export of mature virions have been demonstrated in vitro after mitogen stimulation of WHV-infected woodchuck peripheral blood lymphocytes (PBL), suggesting that a latent form of WHV infection can be maintained in some lymphoid cells (18) .
The majority of studies on extrahepatic hepadnavirus infections have focused upon PBL from chronically infected humans and animals. Systemic infection by DHBV has been monitored over the early stages of virus infection (13, 17, 39) . These studies revealed changing kinetic patterns of DHBV during the progression to chronic viral infection. However, these studies did not address the virologic events involved in animals which resolved DHBV infections. No parallel study has been reported for mammalian hepadnaviruses.
WHV and its natural host, the eastern woodchuck (Marmota monax), constitute the relevant experimental animal model for the study of HBV-induced disease, especially * Corresponding author. hepatocellular carcinoma (HCC) and lymphoid cell infection (19, 21, 22, 32) . In this report, the time course of WHV infection of the liver and the five primary components of the lymphoid system (PBL, lymph nodes, bone marrow, spleen, and thymus) have been monitored over the natural course of viral infection. Woodchucks were experimentally inoculated with WHV, and tissues were examined over a 65-week period for viral nucleic acids at several stages of WHV infection, beginning with the preacute phase and continuing through to serologic recovery or to chronic infection with the development of HCC. The results compiled in this study suggest that the lymphoid system is intimately involved in the natural history of hepadnavirus infections from the earliest stages of virus entry. These observations are compared with previous, parallel studies on DHBV (12, 17, 39) and should contribute to an overall understanding of the pathobiology of hepadnaviruses. (A preliminary report on part of this study was made at the 1987 UCLA Symposium on Hepadnaviruses, Keystone, Colo. [20]).
MATERIALS AND METHODS
Experimental design. This study was designed to examine the kinetics of WHV infection of liver and extrahepatic tissues during the entire course of virus infection. Since the stages covering long-term WHV infections (18 to 42 months postinoculation) have been extensively studied in previous reports (19, 21, 22) , this study focused primarily upon the earlier stages of virus infection, 1 to 15 months postinoculation. KINETIC 1 . Generalized pattern of WHV serologic markers following acute experimental WHV infection of 3-day-old woodchucks. WHV serologic markers were assayed as described in Materials and Methods. This generalized scheme is accurate for over 90% of experimentally infected woodchucks and is based upon the analysis of several populations of experimentally infected animals (31; unpublished observations).
well-characterized virus pool, WHV7 (8, 32) , at 3 days of age and were monitored for up to 65 weeks. Woodchucks were maintained in isolation, and infection protocols were conducted at the woodchuck breeding facility at Cornell University. The generalized serologic pattern of acute WHV infection with recovery observed for experimental virus inoculation of 3-day-old woodchucks (31; unpublished observations) is shown in Fig. 1 . In animals which develop chronic WHV infections, antibody to WHV surface antigen (WHsAg) (anti-WHs) does not appear in the serum and WHsAg and WHV DNA remain at high levels (31) . At the points indicated by the arrows in Fig. 1 Selection of animals was controlled with respect to sex and litter. In the overall study design, (i) one or two animals from the same litter were chosen for examination at different time points during the course of WHV infection, (ii) both persistently infected and convalescent litter mates were examined at the same time point, and (iii) animals from different litters were included at each time point. Sexes of the individual woodchucks are indicated in Table 1 .
The tissues examined in this study were liver, mesenteric lymph node cells (LNC), femoral bone marrow cells, splenic lymphoid cells (SLC), and thymic lymphoid cells (TLC). For all five components of the lymphoid system, WHV DNA and RNA were extracted from isolated lymphoid cells prepared by centrifugation over Ficoll-Hypaque (see below). The selection of tissues for examination was based on observations from previous studies which demonstrated WHV infection of the PBL, lymph nodes, bone marrow, and spleen in WHV chronic carriers (21, 22) .
Source material and analysis of WHV serologic markers.
Lymphoid cells were prepared from PBL, lymph nodes, bone marrow, spleen, and thymus as previously described (21, 22 (21, 22) . Analyses of viral nucleic acids by Southern and Northern blot hybridization techniques were performed as described in previous studies (21, 22 (Fig. 1 ). This serologic profile was compiled from the analysis of several hundred woodchucks experimentally infected with the WHV inoculum used in this study (31, 40; unpublished results for anti-WHc antibodies, which are normally not present at detectable levels in serum until 12 to 14 weeks postinoculation (31, 40) ( Table 1 and Fig. 1 ). WHV DNA levels in the liver exceeded 1,000 copies per cell by the peak of acute infection (14 to 18 weeks postinoculation) and remained at these levels in the animals which developed chronic infections (Fig. 2) . In the anti-WHs+ animals, WHV DNA rapidly declined in both the serum and liver (Fig. 2) . WHV DNA was still present in the liver at one to three copies per cell in the anti-WHs+ woodchucks at 65 weeks postinoculation, although the sera of these three animals did not contain detectable levels of WHV DNA (Table 1) . WHV DNA appeared simultaneously in the PBL, SLC, and LNC at the peak of the acute infection in all animals examined (Fig. 2) . Distinct lymph nodes could not be reliably identified in the 4-and 8-week old animals. The levels of WHV DNA detected during the acute phase of viral infection were in the maximum ranges observed for these cell populations, 2 to 8 copies per cell for PBL and LNC and 40 to 200 copies per cell for the SLC ( Table 2) . As observed for the liver, WHV DNA in the SLC remained at high levels in those animals with persistent WHV infections and rapidly declined to two to six copies per cell at 65 weeks postinoculation in those animals which developed anti-WHs (Fig. 2) . In the PBL and LNC, WHV DNA levels remained at moderate levels throughout the acute stage of infection and then rapidly declined to approximately 0.3 to 1 copies per cell in both the persistently infected and convalescent groups by 65 weeks postinoculation (Fig. 2) . Although the persistently infected animals generally appeared to harbor more WHV DNA in the PBL and LNC (Table 2) , there were no significant differences in the WHV DNA kinetic patterns for these cell populations between the two classes of WHVinfected woodchucks.
WHV DNA was not observed in the TLC until 26 to 28 weeks postinoculation (Fig. 2) . This event coincided with the first appearance in convalescent animals of anti-WHs antibodies in the serum and the reappearance of WHV DNA in WHV-specific RNA species. In general, the levels of WHVspecific RNA transcripts were correlated well with the overall levels of WHV DNA and WHV DNA replication intermediates (Tables 2 and 3 ). The highest levels of WHV RNA were observed in the liver. Compared with WHV RNA levels in the liver, WHV RNA levels in the SLC were approximately 100-fold lower and WHV RNA levels in the PBL and LNC were approximately 1,000-fold lower (Table  2) . During the acute stage of viral infection, WHV-specific RNA transcripts were observed at relatively high levels in the liver, SLC, PBL, and LNC. As the course of viral infection proceeded, WHV RNA was observed less frequently in the PBL and LNC in the persistently infected group, while high levels of WHV RNA were maintained in the SLC and liver (Tables 2 and 3 ). In the convalescent group of woodchucks, WHV RNA appeared progressively less often with increasing time postinfection in all tissues. No WHV-specific RNA was observed at any stage of the viral infection in either the bone marrow or the thymus. Analysis of WHV RNA by Northern blot hybridization techniques demonstrated that, in all tissues, the majority of the viral-specific RNA transcripts were the 3.6-and 2.3-kb classes of RNA species commonly observed in hepadnavirus-infected hepatocytes (21, 26, 41) , with approximately two-thirds of the WHV RNA hybridization signal present as the 2.3-kb species. WHV RNA transcripts other than the 2.3-and 3.6-kb species were occasionally observed at different stages of the viral infection. These viral RNA transcripts represented only a minor component of the WHV RNA transcripts observed (less than 5% of the total autoradiographic signal from any given tissue sample) and were found in only 18 of the 246 individual tissues examined from the 43 WHV-infected woodchucks examined in this study. The appearance of these additional viral RNA transcripts did not appear to correlate with any specific tissue, particular stage of viral infection, serologic pattern, or gross histologic appearance of the tissues.
Progression of WHV DNA forms. As described above, the overall levels of WHV DNA changed dramatically in the various tissues examined during the natural course of WHV infection. A complex progression of WHV genomic forms was also observed in these tissues (Table 4) . These different viral DNA forms were resolved by Southern blot hybridization analysis after restriction enzyme digestion and agarose gel electrophoresis of whole-cell DNA as described below.
In all tissues and in almost all animals, WHV DNA was On the basis of analyses utilizing all of these criteria, WHV DNA forms were divided into three classes of molecules: (i) MM (multimeric, episomal DNA molecules 7 to 12 kb in size [2, 3] ), (ii) M (monomeric, episomal WHV genomes 3.3 kb in size), and (iii) RI (a heterogeneous population of single-and double-stranded WHV DNA fragments, 3.3 to 0.5 kb in size, which represent WHV DNA replication intermediates [34, 37] ).
In the lymphoid cells of the bone marrow and thymus, the predominant WHV DNA molecules were monomeric genomes (Table 4 ). In the bone marrow only monomeric WHV genomes were detected, while some multimeric WHV DNA molecules were occasionally found in the TLC. However, the multimeric WHV DNA molecules were present in the TLC of only 3 of 18 woodchucks, 2 at week 42 (WC1664 in the anti-WHs+ group and WC1663 in the WHsAg+ group) and 1 at week 65 (WC1444 in the anti-WHs+ group). No WHV DNA replication intermediates were found in the thymus or bone marrow. The monomeric WHV genomes in these cells migrated as discrete, sharp bands. These DNA molecules were distinctly different from the characteristic, diffuse DNA bands observed in the analysis of serum virion genomes, which are a result of the circular, partially singlestranded DNA molecules present in hepadnavirus virions (19, 41) . The discrete, monomer-sized WHV DNA bands observed in the lymphoid cells indicated that these DNA molecules were most likely completely double stranded and suggest that completion of the positive DNA strand in the WHV genomes had occurred upon cellular entry.
In contrast to the WHV DNA patterns observed in the bone marrow and thymus, the other tissues examined, including liver, displayed a complex progression of the different classes of WHV DNA forms (Table 4 ). This progression of WHV DNA forms was observed in all tissues of the animals with serologic patterns indicative of self-limited WHV infections and in the PBL and lymph nodes of the woodchucks which developed chronic WHV infections. Whereas a single, generalized pattern of progression was observed for all these tissues, the stage of WHV infection in which changes in the WHV DNA patterns occurred and the duration of any given class of WHV DNA molecules were different for each of the various tissues. In Fig. 3 intermediates [34, 37] ). See Table 2 footnotes for other details.
progression from a replicative state (A) to a nonreplicative state (C).
With the exceptions of the bone marrow and thymus, WHV DNA first appeared in all of the different cell populations (PBL, lymph node, spleen, and liver) during the acute phase of viral infection in a pattern representing active virus replication ( Fig. 3 and 4A ). High levels of WHV RNA were also observed, but no multimeric WHV DNA molecules A B C 1 2 3
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1. were detected at this point. Several weeks later, the multimeric WHV DNA molecules appeared. These viral DNA forms were superimposed upon patterns of WHV DNA replication intermediates (Fig. 3 and 4B) . WHV RNA was still present at elevated levels at this point. The next stage in this progression to recovery was characterized by a loss of the WHV DNA replication intermediates and a dramatic decrease in, and eventual loss of, WHV RNA. At this point, only the multimeric and monomeric WHV DNA molecules were observed (Fig. 3 and 4C ). This stage appeared to span a relatively prolonged period, during which the stoichiometric ratios of the multimeric and monomeric DNA molecules varied considerably. In some cases, only one or the other of these two classes of WHV DNA molecules was observed (Table 4 ). In the lymphoid cells, the predominant WHV DNA forms were the multimeric molecules. In the liver and the spleen, the multimeric WHV DNA forms were less frequently observed, and the predominant remaining WHV DNA molecules were the monomeric genomes (Table 4 ).
In the livers and spleens of the chronically infected animals, WHV replication intermediates and high levels of WHV RNA persisted throughout the entire course of viral infection (Fig. 3) . As in the convalescent animals, WHV DNA replication was not observed in the PBL or LNC of the persistently infected woodchucks after the end of the acute phase of infection, 28 weeks postinoculation (Fig. 3) Entry of WHV into the spleen, PBL, and lymph nodes appears to represent secondary viral infections. These infections may be a result of either direct infection by WHV or seeding of these compartments of the immune system with WHV-bearing lymphoid cells originating in the bone marrow. Fetal liver is a source of hematopoietic stem cells that seed into the bone marrow (28) . Since woodchucks are relatively immature at birth (14) , it is possible that both hepatocytes and hematopoietic cells are infected in situ in the liver following inoculation at 3 days of age.
The rapid loss of replicating WHV from the circulating lymphoid cell populations indicates that these cells probably do not have the capacity to support WHV replication for prolonged periods of time. However, recent in vitro experiments have demonstrated that the nonreplicating WHV genomes in the PBL of chronically infected woodchucks are replication competent under certain environmental conditions and thus may represent latent WHV infections of these cells (18). The cellular mechanisms involved in the specific shutdown of WHV replication in circulating lymphoid cells of the chronically infected woodchucks remain to be elucidated. One possibility involves the specific cytosine methylation of viral DNA, which has been directly implicated in the regulation of HBV core antigen gene expression (23, 25) . Alternatively, cellular factors involved in the control of expression of hepadnavirus genes may be lacking or currently unavailable in these cells. Transactivating cellular factors have been shown to be required for efficient activity of the HBV enhancer element, while tissue-specific expression of HBV surface and presurface genes has been observed in transgenic mouse models (2, 3, 16 (36) . However, this study demonstrated that reappearance of WHV in the bone marrow is correlated with the production of high levels of anti-WHs antibodies and the ability to resolve acute WHV infections successfully.
The resolution of acute WHV infections, with the appearance of anti-WHs antibodies, was also correlated with the appearance of relatively high levels of nonreplicating WHV DNA genomes in lymphoid cells of the thymus. It is possible that the presence of WHV DNA in both the thymus and bone marrow of the serologically recovered woodchucks is related to the complex response of the immune system to acute WHV infection superimposed upon normal developmental processes (4, 35, 43) . Although WHV DNA was detected in the thymus at the later stages of viral infection whether or not anti-WHs antibodies were produced, the successful resolution of acute viral infection was correlated with higher relative levels of WHV DNA.
WHV DNA was found to persist in a nonreplicating state in the tissues of convalescent woodchucks for several months after seroconversion to anti-WHs. In previous studies, a significant fraction (approximately 25%) of woodchucks which had serologically recovered (anti-surface and anti-core seropositive) from HBV or WHV infections were found to carry low levels of hepadnaviral DNA HBV DNA has been detected in the PBL of both acutely and chronically infected individuals (8, 9, 15, 29) . However, HBV DNA in the PBL during the acute phase of infection was found to be in a nonreplicating state. These different observations may reflect the intensity of splenic viral infection and the relative rates of maturation, turnover, and trafficking of cells among the various lymphoid compartments (35) . Many of the individuals examined in the HBV studies were infected as adults, whereas the woodchucks examined in this study were infected as newborns. The age at which hepadnaviral infections are acquired is a critical factor in the development of chronicity (11, 27, 40) .
Multimeric hepadnavirus DNA forms are commonly observed in lymphoid cells (5, 9, 10, 15, 29 ; for a review, see reference 19). The evolution of such DNA molecules in this study indicates that this class of viral DNA molecules is probably a normal consequence of the life cycle of WHV. These DNA molecules appeared near the termination of WHV DNA replication in both lymphoid cells and liver tissue and may represent an attempt at viral lysogeny either as precursors to integrated forms or as stable episomal genomes.
The overall patterns of WHV RNA species did not appear to provide any immediate new information on the biologic mechanisms of WHV. While some different viral RNA species were occasionally observed, these did not appear to correlate with the composition of WHV DNA forms or the stage of the overall virus infection and appeared in only a small minority of the tissue samples. However, further analysis of the WHV RNA transcripts in these tissues may provide important insights into host-virus interactions.
Some differences exist between the kinetics of viral infection among the different extrahepatic tissues for DHBV and WHV. In Pekin ducks experimentally infected at 1 day of age, replicating DHBV DNA is first detected in the liver and then appears simultaneously in the spleen, pancreas, and kidney (12, 13, 17, 39) . DHBV replication proceeds in all tissues during the acute phase of infection. DHBV replication ceases in the spleens of chronically infected ducks but continues in the liver, pancreas, and possibly the kidney (12, 13, 17, 39) . By contrast, active replication of WHV and HBV is observed only in the liver and spleen of chronic virus carriers (19, 21, 23 ). An analysis of WHV nucleic acids in the pancreas and kidney during the early stages of WHV infection has not yet been conducted. The nature of the differences between DHBV and WHV probably relate to fundamental differences in host physiology rather than to differences in the general characteristics of these closely related viruses.
The precise role of hepadnavirus infection of lymphoid cells remains to be elucidated. It is reasonable to suspect that hepadnavirus infection of lymphoid cells may alter host immune responses. A number of reports have documented alterations in several immunologic responses in chronic HBV carriers (1, 6, 43) . The persistence of virus in circulating lymphoid cells could be involved in the reactivation of infection and exacerbation of liver disease in long-term asymptomatic HBV carriers (10, 30, 42) . A correlation has recently been observed between the presence of HBV DNA in cord blood leukocytes (in the absence of serum virions) and the failure of vaccine administration in newborn infants to prevent chronic HBV infections (5) .
The types of observations compiled for WHV in this study and DHBV in previous studies (12, 17, 39) add a high level of complexity to the pathobiologic mechanisms of hepadnaviruses. Infection by these viruses involves the systemic movement of virus through many different cell populations during the natural course of virus infection. Exact identification of the cell populations involved will be necessary to better comprehend the roles of these cells in the overall course of virus-induced disease. When further correlated with serologic markers of virus infection and the state of liver disease, the present observations should help to elucidate the mechanisms of hepadnavirus pathogenesis and provide information for improved prognosis and the development of more efficient antiviral therapy.
